Introduction
Targeted therapy is becoming increasingly utilized in the armamentarium in the fight against cancer. Among the targets under active investigation for the development of effective targeted therapies, the epidermal growth factor receptor (EGFR/HER1) has shown great promise. The receptor plays an important role in tumorigenesis by controlling the signaling pathways that regulate proliferation, survival, angiogenesis, invasion and metastasis [1, 2] . Cetuximab (IMC-225, Erbitux), a recombinant human/ mouse chimeric immunoglobulin G 1 monoclonal antibody (mAb), binds specifically to the extracellular domain of the human HER1 [1] [2] [3] . Cetuximab inhibits binding of the endogenous ligands, EGF and TGF-α, to the receptor causing receptor internalization without stimulating receptor phosphorylation, thereby preventing ligand-mediated receptor tyrosine kinase phosphorylation [1, 2] . Cetuximab exerts antitumor effects by inhibition of cell cycle progression, promotion of apoptosis, antiangiogenesis and antibody-dependent cellular cytotoxicity [1] [2] [3] . Cetuximab, as approved by the FDA in 2004, is indicated for the treatment of patients with metastatic colorectal cancer whose tumors are positive for EGFR either in combination with irinotecan, or alone if patients cannot tolerate irinotecan [4] . Cetuximab gained approval under the US FDA's accelerated approval program, which allows the FDA to approve a product for the treatment of cancer and other serious or life-threatening diseases based on early evidence of the product's effectiveness [1] . In addition to colorectal cancer, cetuximab is under clinical investigation for the treatment of head and neck cancer, non-small-cell lung cancer and advanced breast cancer.
Techniques such as immunohistochemistry, gene copy number by fluorescent in situ hybridization, and mutation analysis by sequencing are currently used to screen patients for cetuximab-related therapy [5, 6] . Along with traditional pathological procedures and tests such as biopsies, noninvasive nuclear imaging is often used to assess the status of the specific target. In studies to assess the status of HER1 expression and cetuximab distribution, cetuximab was labeled with radionuclides 99m Tc and 111 In for single photon emission computerized tomography (SPECT) imaging [7] [8] [9] [10] and 64 Cu and 89 Zr for positron emission tomography (PET) [11] [12] [13] [14] [15] . Cetuximab labeled with 64 Cu and 89 Zr exhibited several disadvantages in these studies due to the lack of stable chelating agents and simple radiosynthesis procedures. 64 Cu-DOTA-cetuximab had relatively poor tumor-to-blood and tumor-to-background ratios due to dissociation of 64 Cu from the DOTA complex [11] [12] [13] . Increased liver uptake was also evident with 64 Cu-DOTA-cetuximab, which may limit its application in imaging liver metastasis in advanced colorectal cancer. In order to minimize dissociation of 64 Cu from DOTA, cross-bridged tetraamine chelating agents have been proposed [16, 17] . However, these agents require heating, up to 95°C, for successful incorporation of 64 Cu and therefore may not be appropriate for proteins such as cetuximab. The biggest disadvantage for 89 Zr-labeled cetuximab is the tedious multistep radiosynthesis procedure. Furthermore, accumulation of 89 Zr in the bone has been observed, a result of leakage of this radioisotope from desferoxamine [14, 18] .
To avoid the problems associated with 64 Cu and 89 Zr and as an alternative for a cetuximab-targeted PET agent, the preparation and preclinical evaluation of cetuximab conjugated with CHX-A″-DTPA and radiolabeled with 86 Y for PET are described here.
86 Y was selected due to its appropriate half-life of 14.7 h, suitability for internalizing mAbs, well-established chelation chemistry, and reasonable availability [18, 19] . In addition to these attractive features, 86 Y can also serve as a surrogate PET marker for 90 Y-CHX-A″-DTPA-cetuximab radioimmunotherapy of solid tumors [20] . The primary objective of this study was the preclinical evaluation of the anti-HER1 antibody cetuximab, labeled with the positron emitting nuclide 86 Y, for imaging access of the antibody to the receptor in HER1-expressing tumors.
Methods and materials

Preparation of
86 Y-CHX-A″-DTPA-cetuximab
The bifunctional chelate, CHX-A″-DTPA, was conjugated to cetuximab as previously described [10] . The chelate to protein ratio was spectrophotometrically determined using the Y(III)-arsenazo(III) complex assay [10, 21] . 86 Y was produced through the 86 Sr(p,n) 86 Y reaction as previously described [19] .
For radiolabeling, a freshly prepared solution of ascorbic acid (50 µl, 220 μg/µl) was first added to the 86 Y solution (140-170 MBq in 0.1 M nitric acid, 500 µl) to prevent radiolysis. The 86 Y solution was then neutralized to pH 5-6 by the addition of an ammonium acetate buffer (50 µl, 5 M, pH 7.0). CHX-A″-DTPA-cetuximab (50 µg in 0.15 M ammonium acetate) was added, and the mixture was vortexed briefly and then incubated at room temperature for 30 min. The reaction was quenched by the addition of 0.1 M EDTA (4 µl). The radiolabeled product was purified using a PD-10 desalting column (GE Healthcare, Piscataway, NJ). Size exclusion HPLC (SE-HPLC) chromatog-raphy using a TSK-3000 column (Toso-Haas, Montgomeryville, PA) was performed to ascertain the purity of the radioimmunoconjugate (RIC) as previously described [19] .
Cell culture HER1-expressing human colorectal (LS-174T and HT29), prostate (PC-3 and DU145), ovarian (SKOV3), pancreatic (SHAW) and epidermoid (A431) carcinoma cells (American Type Culture Collection, Rockville, MD) were grown as monolayers at 37°C in a humidified atmosphere comprising 5% CO 2 and 95% air as previously described [10] . Media and supplements were obtained from Quality Biologicals (Gaithersburg, MD), Invitrogen (Carlsbad, CA) and Lonza (Walkersville, MD).
In vitro evaluation: radioligand cell-binding studies
The cell-binding characteristics of the 86 Y-CHX-A″-DTPAcetuximab was determined using a fixed-cell radioimmunoassay (RIA) as previously described [10] .
Animal and tumor models Groups of female athymic nu/nu mice at 5-8 weeks of age (Charles River Laboratory, Wilmington, MA) were injected subcutaneously with 2×10
6 cells of each cell line (200 µl medium containing 20% matrigel).
In vivo evaluations
Biodistribution and pharmacokinetic studies Tumor-bearing female athymic mice were injected intravenously (i.v.) with 0.4-0.6 MBq (<5 µg) of 86 Y-CHX-A″-DTPA-cetuximab. To determine HER1 specificity, cetuximab (0.1 and 0.2 mg) was coinjected with the radiotracer in an additional set of mice bearing each of the tumor xenografts. A dose escalation study (0.4-0.6 MBq/ 5-200 µg) was performed to determine the effects of the mass injected and saturation of the target using LS-174T tumor-bearing mice. At the desired time points, the animals were killed by CO 2 inhalation. Tumor, blood and selected organs were collected and wet-weighed, and the radioactivity was measured in a Wallac Wizard 1480 gamma counter (PerkinElmer, Shelton, CT). The percent injected dose per gram (%ID/g) of tissue was calculated by comparison with standards representing 10% of the injected dose per animal. Noncompartmental pharmacokinetics was applied to determine the area under the curve (AUC), the area under the moment curve (AUMC) and the mean residence time using trapezoidal integration analysis [22] .
PET imaging studies
Small-animal PET studies were performed using the ATLAS (Advanced Technology Laboratory Animal Scanner) at the National Institutes of Health (Bethesda, MD) [23] . Wholebody imaging studies (six bed positions, total acquisition time 1 h per mouse) were carried out on mice anesthetized with 1.5-1.7% isoflurane on a temperature-controlled bed. Tumor-bearing female athymic mice were injected i.v. Y was set between 400 and 700 keV. The imaging data were reconstructed using the Fourier rebinned ordered subsets expectation maximization method with scatter correction (linear background subtraction). Additional dead time, partial volume, scatter, decay and background corrections were applied for quantitative analysis. The reconstructed images were processed and analyzed using AMIDE (A Medical Image Data Examiner) software program. To minimize spillover effects, regions of interest (ROIs) were drawn to enclose approximately 80-90% of the organ of interest in order to avoid the edges. To minimize partialvolume effects caused by nonuniform distribution of the radioactivity in the containing volume, smaller ROIs were consistently drawn to enclose the organ. After imaging, the mice were euthanized and biodistribution studies were performed to determine the correlation between PETassessed in vivo %ID/cm 3 and biodistribution-determined % ID/g. The animal studies were performed in accordance with the NIH guidelines for the humane use of animals and all procedures were reviewed and approved by the National Cancer Institute Animal Care and Use Committee.
Statistical analysis
All numerical data are expressed as means ± SEM. GraphPad Prism version 5 (San Diego, CA) was used for statistical analysis. A p value less than 0.05 was considered statistically significant.
Results
Radiochemistry and in vitro evaluations
Modification of cetuximab with the acyclic ligand CHX-A ″-DTPA was performed at a 10:1 molar excess of chelate to protein yielding a final chelate to protein ratio of 2.3. Studies from this laboratory have previously demonstrated that conjugating two or three molecules of CHX-A″-DTPA to cetuximab does not alter the immunoreactivity of cetuximab [10] . The 86 Y-CHX-A″-DTPA-cetuximab conjugate was successfully prepared with radiochemical yields in the range 55-75% and a specific activity up to 1.5-2 GBq/ mg. The absolute immunoreactivity of 86 Y-CHX-A″-DTPA-cetuximab based on the cell binding assay was in the range 65-75% demonstrating in vitro specificity. The nonspecific binding determined from blocking experiments was less than 4%. On HPLC analysis, the RIC exhibited excellent stability and retained immunoreactivity and the expected HPLC profile (Supplementary Fig. 1 ) after storage at 4°C for up to 1 day.
In vivo evaluations
Biodistribution studies
In mice bearing LS-174T tumor xenografts, a decrease of approximately 70% in the blood pool activity was observed over a 4-day time period (14.09±1.31%ID/g at 1 day to 4.03±0.52%ID/g at 4 days; Fig. 1a) . Similarly, a 60% decrease was observed in liver uptake over a 4-day time period (10.77±1.24%ID/g at 1 day to 4.91±1.14%ID/g at 4 days). In contrast, an increase of approximate 30% was observed in tumor uptake, with the percent injected dose of 21.23±1.00%ID/g at 1 day increasing to 27.42±3.59%ID/ g at 4 days after injection (Fig. 1a) . The tumor-to-blood ratio increased 4.5-fold from 1.5 at 1 day to 6.8 at 4 days after injection. The 86 Y-CHX-A″-DTPA-cetuximab uptake in tumor was dose-dependent and HER1-mediated as demonstrated by the receptor-blocking experiments performed by coinjecting 0.1 mg and 0.2 mg cetuximab (Fig. 1b) . The LS-174T tumor uptake of 29.31±4.20%ID/g at 3 days after injection was significantly greater than in mice coinjected with either 0.1 mg cetuximab (10.41±0.47% ID/g at 3 days, p=0.012) or 0.2 mg cetuximab (6.37±0.29%ID/g at 3 days, p=0.005). The blocking by 0.1 mg cetuximab was significantly different from that by 0.2 mg (p=0.001) indicating a dose-dependent saturation of HER1 in the tumor xenografts. Dose escalation studies revealed a significant decrease in tumor uptake when the injected mass was more than 10 µg (Supplementary Fig. 2 ). 
PET imaging studies and pharmacokinetic analysis
The relationship between the PET-assessed concentration and the radioactivity concentration measured in a Capintec CRC-127R dose calibrator was linear (r 2 =0.99) in the range 0.03-3.63 MBq/ml of 86 Y solution as determined by cylindrical phantom studies.
PET imaging studies were performed with female athymic mice bearing LS-174T (Fig. 2) , SHAW (Fig. 3a) , HT29 (Fig. 3b), DU145 (Fig. 3c), SKOV3 (Fig. 3d) and PC-3 tumors (not shown) injected with 3.8-4.0 MBq of 86 Y-CHX-A″-DTPA-cetuximab. Blocking studies were performed on mice bearing LS-174T tumor by coinjecting 0.1 mg cetuximab (Fig. 2b) and 0.2 mg cetuximab (Fig. 2c) . All of the tumors were clearly visualized from 1 to 3 days after injection of the RIC as shown in maximum intensity projection images (Figs. 2 and 3) . The tumor-tobackground ratios improved over this period mostly as the radioactivity in the blood and liver decreased while the tumor uptake continued to increase. Quantitative PET revealed the highest tumor uptake in the LS-174 T tumors (29.55±2.67%ID/cm 3 ) while the PC3 xenografts showed the lowest tumor uptake (15.92±1.55%ID/cm 3 ) 3 days after injection of the 86 Y-CHX-A″-DTPA-cetuximab (Fig. 4) . In contrast, when 0.1 mg of cetuximab was coinjected with the radiotracer, the tumors were poorly visualized, demonstrating the HER1-specificity of 86 Y-CHX-A″-DTPA-cetuximab (Figs. 2b and 4) . Further blockage was observed when 0.2 mg of cetuximab was coinjected (Figs. 2c and 4) . As shown in Fig. 4 , the quantified tumor uptake in mice injected with 86 Y-CHX-A″-DTPA-cetuximab and in mice (Table 1) . However, all of the tumor xenograft models were found to have similar mean tumor residence times of 2.1-2.5 days. The tumor uptake values quantified by PET were closely correlated (r 2 =0.9, n=18) with the values determined in the ex vivo biodistribution studies at 1, 2 and 3 days after injection.
Discussion
In the past few decades, targeted noninvasive nuclear imaging has been used to study key biochemical and physiological processes. In addition to target occupancy and disease staging, noninvasive nuclear imaging can be used to determine pharmacokinetics and pharmacodynamics without significantly disrupting the underlying biochemical and physiological process under study [24] . Towards this end, cetuximab labeled with 64 Cu or 89 Zr was developed to stage HER1-expressing cancer, and to determine the pharmacokinetics of cetuximab [11] [12] [13] [14] [15] . HER1-expressing tumors were successfully imaged with cetuximab labeled with either 64 Cu or 89 Zr. However, in the case of 64 Cu-labeled cetuximab, the liver uptake at 2 days after injection (about 15%ID/g) was over 50% greater than that of 86 Y-CHX-A″-DTPA-cetuximab (about 10% ID/g) [12] . We found a steady decrease in liver uptake from 10.75 ±1.24%ID/g at 1 day after injection to 4.91±1.24%ID/g at 4 days after injection. In contrast, the liver uptake increased over this period for 64 Cu-labeled cetuximab indicating metabolism due to challenging chelation chemistry. 64 Cu-TETA-1A3 has been used for clinical PET imaging of metastatic colorectal cancer [25, 26] . Although all 17 primary and recurrent sites were clearly visualized in patients, only 23 of 39 metastatic sites (59%) were detected [26] . Detection of lung and liver metastases was seriously hindered by accumulation of radioactivity in the liver and the blood due to dissociation of the 64 Cu from the currently used chelates for radiolabeling mAbs. While the half-life of 86 Y is slightly longer than that of 64 Cu, the abundance of positrons is also almost twice that of 64 Cu. With these advantages over 64 Cu, much lower amounts of injected 86 Y will be required for quantitative immunoPET from 2 days after injection. Based on previous studies performed with 64 Cu-labeled mAb [25, 26] , 0.18-0.37 GBq of the 86 Ylabeled RIC should result in useful quantitative images up to 2-3 days after injection.
89 Zr-labeled mAbs have been proposed as surrogate PET markers for dosimetry of 90 Y-labeled mAbs, but bone uptake of 89 Zr-labeled cetuximab is almost twice that of 88 Y-labeled cetuximab [14] . Therefore, 86 Y-labeled cetuximab might be a better surrogate PET marker than 89 Zr labeled cetuximab for dosimetry of 90 Y labeled cetuximab. Furthermore, the preparation of 89 Zr-labeled cetuximab is tedious and time-consuming, and involves over seven steps, with a total preparation time of over 3 h [14] . However, the recently reported bifunctional chelate, p-isothiocyanatobenzyl-desferrioxamine provides an alternative for facile radiolabeling of mAbs with 89 Zr [27] . The preparation of high Previous clinical studies with 111 In-labeled 225 (murine version of cetuximab) suggest that the optimal injected dose of radiolabeled cetuximab for optimum target to background ratio should be about 120 mg [28] . Therefore, it is anticipated that the specific activity of 86 Y-CHX-A″-DTPAcetuximab needed for clinical studies will be considerably lower than that reported in this preclinical study. However, for animal studies, high specific activity is required to avoid saturation of the target (Supplementary Fig. 2 ) illustrating the limitations of animal studies to predict the specific activity required for clinical studies. The same study also found HER1 receptor in the liver based on dose-dependent liver uptake and clearance of the 111 Inlabeled murine 225. However, studies performed with radiolabeled chimeric mAb, C225 (cetuximab), showed that the residence time in the liver appears to be longer in patients with cold loading than in those without [8] . One explanation could indeed be that the liver does not have C225 binding sites, but simply metabolically extracts whatever is not taken up elsewhere in the body. In the preclinical study described in the report, the uptake in the liver was not blocked by coinjecting excess cetuximab, suggesting a lack of cetuximab binding sites in mouse liver, which concurs with the information provided by the manufacturer of cetuximab, ImClone Systems [29] .
In spite of the advantages of 86 Y labeling of cetuximab over 64 Cu and 89 Zr labeling, 86 Y has its own set of limitations.
86 Y has a high positron energy (E max 3.1 MeV) with an additional γ-emission of 1.08 MeV (83% abundance) which can significantly affect image quality and recovery coefficients due to spurious coincidences [18] . When appropriate corrections are performed, however, the image quality is greatly improved and is quantifiable as shown in this study as well as by others [30, 31] . In this study, normalization experiments were performed with a cylinder phantom filled with 86 Y solution during each imaging session to apply appropriate corrections. After the partial volume, scatter and background corrections, the tumor uptake quantified by PET was closely related (r 2 = 0.9, n=18) to values determined by ex vivo biodistribution studies at 1, 2 and 3 days after injection.
PET imaging with 86 Y-CHX-A″-DTPA-cetuximab may have a useful role in patient selection for cetuximab-related therapy since it would indicate HER1 accessibility to the antibody. However, 86 Y-CHX-A″-DTPA-cetuximab imaging by itself may not predict the response to therapy as it is only indicative of how much cetuximab reaches the tumor and not the overall tumor HER1 expression, the microenvironment and the biomolecular characteristics. It does not provide any information regarding the status of KRAS mutations and loss of PTEN, which is critical for response to HER1 immunotherapy [6, [32] [33] [34] . Therefore, PET imaging with radiolabeled cetuximab may be complementary and used together with assays to determine KRAS mutations, loss of PTEN and HER1 gene amplification and polymorphism [32] [33] [34] .
The potential of 90 Y-CHX-A″-DTPA-cetuximab for radioimmunotherapy is currently under evaluation in this laboratory utilizing the LS-174T tumor model. Cetuximab radiolabeled with 86 Y would serve as a means of monitoring responsiveness to the therapy and provide dosimetry data. Ultimately, 86 Y-CHX-A″-DTPA-cetuximab would be a surrogate PET marker for dosimetry and selection of subjects for 90 Y CHX-A″-DTPA-cetuximab radioimmunotherapy of HER1-expressing cancers. As discussed, the primary objective of this study was to develop a PET tracer to assess cetuximab biodistribution and pharmacokinetic characteristics. For HER1 imaging, other targeting modalities such as radiolabeled affibodies, nanobodies, tyrosine kinase inhibitors and EGF have also been successfully used [35] [36] [37] [38] .
To achieve the long-term goal of clinical translation of 86 Y-CHX-A″-DTPA-cetuximab, PET/CT and MRI studies are currently being performed with mice bearing orthotopic and disseminated tumors.
Conclusion
In conclusion, the utility of 86 Y-CHX-A″-DTPA-cetuximab for noninvasive PET imaging of HER1-expressing tumors in preclinical models was demonstrated.
86 Y-CHX-A″-DTPA-cetuximab is a viable alternative to 64 Cu-and 89 Zrlabeled cetuximab due to lower liver uptake, better tumor to blood and background ratios as well as ease of preparation. 86 Y-CHX-A″-DTPA-cetuximab may be useful for the assessment of cetuximab uptake, which may be important for risk stratification, patient screening and appropriate dosage selection.
